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Recent progress on RF orbital angular momentum antennas 
In the last five years or so, there has been a great interest in RF OAM to address 
the contradiction between the lack of wireless spectrum resources and the 
continually growing demands of the bandwidth. Recent developments and 
technological advancements in antenna design, material science, and integrated 
circuits have enabled miniaturized, multiple modes, tunable in radio frequency 
(RF) orbital angular momentum (OAM) antenna designs. From conventional 
methods such as spiral phase plate and reflector antenna to antenna array and 
metasurface, the working principle and structures are introduced. To improve the 
performance of RF OAM antennas, several innovative physical concepts, 
including multiple-input multiple-output, circular polarization rotation, PIN 
diodes dynamic regulation, and so on have been explored for the designs of RF 
OAM antenna designs. In this paper, we present an up-to-date survey on the 
development of RF OAM antenna technologies. We provide details on structure 
designs and theoretical analyses. The evaluate method and advantage analyses 
are also included. Open issues and development trends are explored as a source 
of inspiration towards the future better outcome of RF OAM antenna designs. 
Keywords: orbital angular momentum; radio frequency; antenna 
1. Introduction 
In modern communication systems, multiplexing technologies based on amplitude, 
frequency, and polarization are usually using to increase the transmission effect [1–4]. 
However, limited by the finite spectrum resource, the capacity, and spectral efficiency 
cannot be infinitely increased by the multiplexing/demultiplexing technologies [5,6]. 
Nowadays, with the rapid development of microwave technology, the lack of wireless 
spectrum resources and continually growing demands of the bandwidth are becoming 
increasingly prominent. Therefore, it is essential and extremely urgent to figure out a 
feasible method to solve this problem [7–9]. Fortunately, one potential way based on 
orbital angular momentum (OAM) beam has been proposed after the massive efforts of 
scientists [10–14]. Importantly, this method can offer a new degree of freedom and has 
the potential to provide infinite channels for wireless communication at radio frequency 
(RF) [15,16].  
In the optical regime, the OAM has been widely applied in many fields, such as 
imaging, nano-particle manipulation, and optical communicating, owing to its special 
electromagnetic properties [17–22]. The total angular momentum consists of spin 
angular momentum (SAM) and OAM. The SAM of light was anticipated by Poynting in 
1909 and demonstrated by Beth in 1936 [23,24]. A light beam carrying OAM was 
recognized by Les Allen in 1992 and described by exp(ilφ), where l is the topological 
charge, φ is the azimuthal angle [25,26]. It was shown that each photon carries an OAM 
of lℏ (ℏ is the Planks constant h divided by 2π) [27]. In contrast, a circularly polarized 
light beam has a SAM of ±ℏ per photon [28]. The SAM is associated with the circular 
polarization while the OAM is dependent on the field spatial distribution. The helical 
phase front is an obvious characteristic of the OAM beams. Owing to the existence of 
singular-phase null regions, the intensity profiles of the OAM beams exhibit doughnut 
shapes upon propagation [29]. Compared with the SAM which has only two possible 
values, the OAM can theoretically provide unlimited states due to the unbounded 
integer l. Additionally, it was verified that the OAM beams have orthogonal property 
between different states [30–32]. Thus, the OAM beams have the potential to provide 
infinite communication channels, increasing the capacity and spectral efficiency of 
modern communication without increasing the bandwidth [33–35]. Although there are 
some doubts about the capacity of OAM in increasing the capacity and spectral 
efficiency, the great potential and wide applications still attract extensive research 
enthusiasm [36–39]. 
So far, various methods have been proposed to design high-performance 
antennas for OAM beams generation. These methods have their defects and limitations, 
which greatly restrict the range of practical applications. It is still reminded a long way 
to achieve large-scale applications in RF OAM communication. Though much academic 
literature has been published to describe and discuss multifarious RF OAM antenna 
designs. Unfortunately, most papers only have explored one or some aspects of the RF 
OAM antenna design without a comprehensive introduction. Therefore, we present a 
comprehensive survey of RF OAM antennas to provide the readers with the most recent 
techniques and up-to-date references in the fundamental studies and technical advance 
in the field of RF OAM antenna design. This survey pays attention to the structure of 
the antenna, fundamental principles of OAM generation as well as assessing the quality 
of generated OAM beams. 
The remainder of this paper is organized as follows. In the next section, the 
conventional method includes spiral phase plane and reflector antenna are presented. 
Some special antennas, such as circular-shaped antennas using high order modes, three-
dimensional structures, and metallic cavity radiators, are introduced in Section III. The 
OAM beam generations based on antenna array are discussed in Section IV. Then, the 
metasurface is investigated for OAM beam generation in Section V. Finally, Section VI 
concludes this survey. 
2. Conventional methods 
2.1. Spiral phase plate 
The spiral phase plate (SPP) is the simplest device to generate OAM beams in RF. 
Initially, the structure of the SPP is shown in Figure 1(a). One surface of the SPP is flat, 
and another surface is set as a smooth surface to impart an azimuthal phased term for 
the transmitted beam. In this case, the thickness of the SPP is azimuthally controlled to 
form various phase delays for OAM generation. The relationship between thickness and 
azimuthal angle can be described by [15], 
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Where h(ϕ) is the thickness of SPP, ϕ represents the azimuthal angle, λ is the 
wavelength, n is the refractive index of the material. By means of controlling the 
thickness, the proportion of material in the transmission path can be adjusted, the 
desired phase delay thus is obtained in turn. Due to the comparison between the material 
and air, there is a term of (n-1) in the formula. It is obvious that the variation range of 
the azimuthal angle is from 0 to 2π. Therefore, the maximum thickness difference is 
[40], 
 / ( 1)h l n    (2) 
When the material and operating frequency is fixed, the mode l of generated OAM 
beam can be changed by the thickness of SPP, such as, 
 ( -1) /l n h    (3) 
The mode l should be a nonzero integer to show a standard helical wavefront. 
Increasing the thickness of SPP is a simple method to manufacture the mode of 
generated OAM beams. However, the volume of the SPP enlarges with the rise in 
thickness, which is not beneficial to the practical applications. As for the phase of the 
electromagnetic wave, the 2π is a period. Thus, the thickness of the SPP can be 
compressed by one wavelength for generating higher-order mode. In this way, the SPP 
is split into several angular regions and the whole plate only has a small thickness as 
depicted in Figure 1(b). 
Although the structure of this kind SPP looks simple and is easily used, the 
smooth surface processing is a challenge for the machining tools. For convenience, the 
smooth surface is approximated by a series of discrete steps. A single material can be 
milled into the step-shaped SPP. The accuracy near the center region exists a certain 
error because of the size of the milling tool. Splitting the SPP into some sections is a 
good solution [41]. Each section is separately processed and then resembled together. In 
doing so, the process accuracy can be ensured and the mode contamination can also be 
improved. 
The SPP is a passive device that can transform the Gaussian beam into an OAM 
beam. A horn antenna often used to provide excitation and place in front of the SPP. It 
is worthwhile to note that the Gaussian beam diameter should not be larger than the 
diameter of SPP to guarantee the quality of the generated OAM beam. Combining the 
circular waveguide with the SPP has been presented [42]. As shown in Figure 1(c), the 
SPP is placed inside the horn antenna. Although the requirement of machining is 
improved, noise immunity can be enhanced. Thus, a more smooth and regular radiation 
pattern with lower side lobes is obtained, which means generating purer OAM mode. 
The above equations illustrate that the refractive index of the material also is an 
important influence factor for the mode of the generated OAM beam. By means of 
drilling holes in the material of SPP, the equivalent permittivity is varied to satisfy the 
phase delay for OAM beam generation [43]. The structure of the proposed SPP is 
depicted in Figure 1(d). It is mentioned that the reflection loss should be taken into 
consideration in the SPP design. Compared with no impedance-matched SPP, 
impedance matching can effectively improve the reflection loss by more than 20 dB. To 
further decrease the size, a horn lens antenna with a perforated planar dielectric lens is 
presented [44]. Figure 1(e) shows the configuration of the proposed antenna. Circle 
apertures with different radius are drilled in the dielectric plate to realize the azimuthal 
variation of the equivalent permittivity. In this design, a conventional horn antenna and 
the proposed plate are integrated. This method is simple and effective. However, it is 
only demonstrated by the simulated results. The real experiment doesn’t be carried out. 
The SPP is a traditional method for the RF OAM beam generation. Its merits are 
the simple structure and easy to use. Therefore, it is often used in the researches about 
the OAM beams application during the previous study. Some solutions have been 
proposed to solve the problem of difficulty processing. However, it is obvious that one 
SPP can only generate one OAM beam with one mode. This disadvantage limits the 
practical applications. 
2.2. Reflector antenna 
The SPP uses the proportion of two kinds of material in the same transmission patch to 
introduce the desired phase delay. It is absolute that various length of the transmission 
patch also results in the phase delay, which provides another way to generate RF OAM 
beam. Based on the SPP design experience, a reflector antenna with a discrete eight-step 
staircase is designed to reflect the radio beam for OAM generation [45]. As illustrated 
in Figure 2(a), eight-steps styrofoam blocks are trimmed into a staircase-like structure. 
Due to the similar principle, the Equation (3) can be used to describe the mode l after 
modification. 
 




  (4) 
where N is the number of the staircase. The patch difference is the two times of the 
height difference because of the electromagnetic wave reflection. To obtain the 
maximum fainting inside the OAM beam, a correction term about the staircase number 
is added in this equation [46]. The direct result is that each staircase introduces a -π/4 
phase difference in turn and the total -2π phase difference is achieved. Therefore, the 
OAM beam with mode of -1 is generated. 
In some experimental verification of OAM modal insulation and point-to-point 
radio link, a modified parabolic antenna, i.e., Cassegrain antenna is applied to generate 
OAM beam [47,48]. This twisted reflector converts the spherical phase front into a 
focused OAM beam. The helical surface of the modified parabolic antenna is illustrated 
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where F represents the focus of the reflector, and the θ is substituted by ϕ for unified 
expression. The material of the reflector antenna's body is ceramic that is covered by 
copper with a thickness of 0.1mm to improve the reflection coefficient. Employing this 
reflector antenna, the orthogonality between different OAM states and the possibility of 
increasing data transmission capacity in RF OAM communication were verified. The 
sintering of ceramic material has complex production processes and the special 
modified parabolic shape also increases the difficulty. Maybe, the three-dimensional 
printing technology and styrofoam material can make it easier and decrease the weight 
of the reflector antenna. 
For RF OAM communication, a single OAM state cannot exhibit the superiority 
in increasing the communication capacity. The multiplexing/demultiplexing 
technologies and generating multiple OAM beams are the key points. To generate 
multiple OAM beams, a Cassegrain reflector antenna is designed for the simultaneous 
generation of three OAM modes [50]. The proposed reflector antenna, shown in Figure 
2(c), composes of an OAM mode mux, a 2×2 open-ended rectangle waveguide matrix, 
and a Cassegrain dual-reflector antenna. In this design, the multiplexing and generating 
of OAM beams mainly depends on the OAM mode mux and open-ended rectangle 
waveguide. The Cassegrain dual-reflector is used to focus the OAM beams for good 
radiation pattern and high gain. By modifying the matrix and corresponding OAM mode 
mux, the reflector antenna can easily be optimized to generate higher OAM modes. 
Usually, the parabolic reflector antenna (or Cassegrain reflector antenna) is used 
to focus the generated OAM beam, unavoidably raising the complexity of the antenna. 
Thus, some studies are carried out to miniaturize the structure of the reflector antenna 
[51]. The structure, illustrated in Figure 2(d), is slightly tilted away from the plane to 
approximate the parabolic surface. And then, a microstrip patch antenna is used to feed 
the laddered SPP. In this way, the structure is easily built in practice and can 
simultaneously realize two functions of generating OAM beam and focusing. With the 
help of mechanical tuning devices, it may be able to dynamically change the mode of 
the generated OAM beam. 
The reflector antenna is a classical method to generate RF OAM beam. 
Generally, it consists of two sections (a reflector and a feeder). The directionality and 
high gain are its obvious advantage. Nevertheless, the feeder needs to place in front of 
the reflector, hindering the transmission of the OAM beam. More importantly, the 
position placed the feeder is the center of the OAM beam where the electromagnetic 
wave should have the highest quality. Therefore, the reflector antenna is a conventional 
method in RF OAM beam generation. 
3. Special structures of OAM antennas 
3.1. Microstrip patch antenna 
The microstrip patch antenna has widely applied in modern communication systems due 
to the excellent advantages such as low profile, lightweight, low cost, easy processing, 
and so on. The traditional methods mentioned above have their inherent drawbacks in 
processing and complex structures. Therefore, the microstrip patch antenna is taken into 
consideration to design a compact RF OAM generator. Inspired by the optical OAM 
beams generation technologies using high order laser modes, a circularly polarized (CP) 
patch antenna was present to generate OAM beam at microwave frequencies [52]. As 
depicted in Figure 3(a), an elliptical patch excited by a single coaxial cable is designed 
to radiate the electromagnetic wave with CP TMnm modes. In the case of circular patch 
feed by two coaxial cables, the relationship between the operating frequency f and the 
radius r can be described as: 
 / (2 )nmf c r    (6) 
where χnm is the nth root of J'(⋅)=0, J'(⋅) represents the derivative of Bessel function of 
the first kind, c is the speed of light, and ε is the dielectric constant. For CP TMnm, the 
components of total radiated field in cylindrical coordinate system can be expressed as: 
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where A, B are the amplitude of the components, and A is always significantly greater 
than B. Thus, only the first term is considered. These two components both have the 
same azimuthal phase term e-j(n-1)ϕ, which demonstrates that the electric field produced 
by CP TMnm mode has helical phase front expected by OAM with mode of (n-1). 
Traditionally, two coaxial feed is employed to obtain circular polarization [53]. As 
shown in Figure 3(b), a 3 dB quadrature hybrid is applied in the design of the CP 
antenna. The two exciting ports can be individually used to generate right-hand and left-
hand CP wave. According to Equation (6), the different TMn1 modes can be generated 
by various radii. Besides, the positions of the two coaxial cables are separated by an 
angular distance of 90º/(n-1). In fact, a single coaxial feed can also realize the 
objective. The circular shape and two coaxial cables can be replaced by an elliptical 
metallic patch and single coaxial cable for compact structure. In these two kinds of 
designs, the sign of the generated OAM beam is determined by the CP properties of 
right-hand and left-hand. 
Based on the same principle of the above two designs, a circularly polarized 
multimode patch antenna was proposed further for the generation of multiple OAM 
modes [54]. The proposed antenna depicted in Figure 3(c) has one circle patch and two 
shorted annular ring patches. Each patch was fed by employing two coaxial cables to 
separately excite TM11, TM21, and TM31 mode with circular polarization. In this way, 
the multiple OAM states with mode l = 1, 2, and 3 were simultaneously generated. 
In [55], a circular slot antenna, based on a similar concept to the antenna array, 
was designed for OAM generation. This antenna is connected in a continuous manner, 
which distinguishes this work from the OAM antenna array design. The top layer of the 
proposed antenna is a single circular slot and the most important part is the feeding 
network (Figure 3(d)). By changing the lengths of each consecutive output port, the 
desired phase difference can be obtained for generating corresponding OAM states. 
Generating OAM beams by using the microstrip antenna has some excellent 
characteristics, such as easy processing, simple structure, low profile, and low cost. The 
generation of multiple OAM modes is a great innovation and promotes the development 
of RF OAM based communication. However, dynamic regulation and reconfiguration is 
the trend of RF OAM antenna design. The fixed modes is their significant shortcoming. 
In the practical applications, fabricating plenty of antennas to generate different OAM 
states is a tremendous waste. 
3.2. Ring resonator 
The circular loop antenna is one of the most basic antenna with simple structures. It was 
demonstrated that a circular traveling-wave loop antenna can generate the RF OAM 
carried beams [56]. Figure 4(a) shows the configuration for the circular traveling-wave 
loop antenna. Its main body is a metal ring cavity with wide wall a and narrow wall b. 
Through the calculations of vector potential and electric and magnetic fields, it was 
demonstrated that all the components of fields have azimuth dependency of e-jlϕ. This is 
the characteristic of the OAM beam generation. The two ports are used to feed same 
amplitude but 90º phase difference signal for exciting the traveling wave in the metal 
cavity. And the angle between two feeding ports need to satisfy, 
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   (8) 
The transmission direction of traveling waves in the ring cavity is determined by 
the sign of 90º phase difference. Therefore, the OAM beam with positive mode or 
negative mode can be generated when the phase difference between two feeding ports is 
-90º or 90º. In order to radiate out the RF OAM beams, a small circular slot is cut on 
the top wall of the cavity. In this method, the propagation of the radiated OAM beam is 
in the axial direction, which may bring some problems of phase singularity and 
divergence. The propagation in the transverse direction and a ring horn outside the 
resonator can solve these problems. Therefore, the structure with a slot cut on the 
narrow wall, as shown in Figure 4(b), was proposed [57,58]. Moreover, the mode l of 
the generated RF OAM beam can be controlled by the metal cavity's structural 













where C is the circumference of the ring resonator, λ0 is the wavelength in vacuum. 
Hitherto, many methods have been proposed to generate RF OAM beam, but 
good multiplexing structure for RF OAM beam generation is still a challenge. Based on 
the design of the ring traveling-wave antenna, a dual OAM mode antenna was presented 
[59]. With the help of 3D printing technology and the electroless copper plating surface 
treatment process, the proposed antenna was fabricated as illustrated in Figure 4(c). A 
2×2 waveguide hybrid copper was used as a feed network to provide a suitable phase 
difference. More importantly, the multiple OAM modes will be generated when the two 
input ports of the waveguide hybrid copper are excited simultaneously. Same as some 
reflector antennas, a ring focus parabolic reflector can effectively concentrate the 
generated OAM beams. The transmit distance is the short slab of this design. It has the 
potential to radiate more multiple RF OAM beams by concentrically stacking the ring 
resonators [60,61]. The propagation characteristics and physical size of the antenna also 
can be improved by using a coaxial dielectric cavity as shown in Figure 4(d). However, 
it is obvious that the complexity of the antenna will increase. 
3.3. Dielectric resonator antenna 
The dielectric resonator antenna (DRA), which has many outstanding properties in 
terms of small size, low loss, high radiation efficiency, and the ability to excite multiple 
modes, has attracted extensive attention in wireless communication. In the introduction 
of the microstrip patch antenna, it has been verified that the OAM beams can be excited 
by the high order electromagnetic mode. Similarly, there are two methods used to 
investigate the cylindrical DRA. 
The electromagnet whispering gallery modes (WGM) obtains the same 
azimuthal wave vector with the OAM modes. Thus, it is possible to generate OAM 
beams by WGM. To stimulate the WGM, a metal feeding line was placed under a high-
permittivity cylindrical resonator and is parallel to the tangential direction of the 
resonator [62]. The configuration of the DRA is shown in Figure 5(a). Based on the 
equivalence assumption, the cylindrical DRA is equivalent to a circular loop antenna 
array which consists of N equidistant electric dipoles. By this means, all the components 
of electric and magnetic fields can be derived and it is easy to demonstrate the OAM 
generation. The generated OAM mode can be controlled by changing the effective 
radius of the cylindrical resonator or operating frequency. Thus, different OAM beams 
with various modes can be stimulated at different frequencies without changing the 
structure of DRA. 
In [63], the theoretical analysis was carried out by directly deriving the 
electromagnetic wave expressions of the cylindrical DRA. The schematic of the 
presented antenna is illustrated in Figure 5(b). Regarding the waveguide modes of a 
cylindrical DRA, there are three kinds of field modes, including TEnmδ, TMnmδ, and 
HEnmδ. As mentioned above, the parameter m is usually set as 1 to stimulate OAM 
modes. According to the expressions, all components of the electromagnetic field obtain 
an azimuthal phased term ejlϕ when the mode TEn1δ (n≠0) or TMn1δ (n≠0) or HEnmδ is 
stimulated.  
These two designs have a similar structure but use different theories to analyse. 
However, the sign of the generated OAM beam is not evidently mentioned. By 
comparing the feeding lines of these two cylindrical DRA, it is easy to find that the sign 
of the OAM mode can be controlled by changing the position of feed line (left or right). 
To the best of our knowledge, there is no design about multiple OAM modes generated 
or dynamically controlled by this DRA, which is significant for RF OAM beams' 
practical applications.  
The special structures of the OAM antennas are the transition period in the 
development of RF OAM antenna design. Compared with the traditional methods, these 
designs have achieved grand developments. However, they also have own obvious 
drawbacks, which greatly restrict their practical applications. Therefore, they are put in 
a category. 
4. Antenna array 
4.1. Normal uniform circular array 
Currently, the utilization of uniform circular array (UCA) is the common way to 
generate RF OAM beams. For a standard UCA, N elements are equidistantly distributed 
on a circle with a radius of a and around the beam axis. To generate the OAM mode of 
l, each element are fed with uniform amplitude signal and the phase of nth element's 







   (10) 
We assume that the radiation of each element is isotropic and N is sufficiently 
large. Then, for a detection point in p(r, θ, ϕ) in the spherical coordinate, the array factor 
of the UCA can be approximately expressed as [64] 
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where k = 2π/λ is the wavenumber. Therefore, the radiated electric field can be obtained 
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where Es is the electric field radiated by a single element. The existence of the 
azimuthal phased term ejlϕ illustrates the OAM beam generation. The mechanism of 
most UCA is based on this theory derivation. The difference is the way to provide the 
required phase difference for the feed signals. 
The feed network is a common method. Different lengths of the feed lines can 
introduce different phase for the element antennas in the array [65]. As shown in Figure 
6(a), a coaxial feeding and a feed network were applied in the design of UCA. Eight 
element antennas uniformly distributed on a circumference with a radius of λ. For 
generating OAM beam with a mode of 1, the total phase change should be 360º around 
the distribution circle. Therefore, each path towards to the element antenna is λ/8 longer 
than adjacent antenna in sequence. In this method, the 45º phase delay between the 
adjacent antennas was introduced in the proposed UCA, which satisfies the Equation 
(10). The same direction arrangement of the element antennas requires N different paths 
in the feed network. To simplify the design of the feed network, mirror distribution 
along the vertical axial was applied. Naturally, the feed network also needs mirror 
distribution in the same way, which can reduce the half work in the design of feed 
network. Although the patch lengths of the first element and fifth element are the same, 
there is a 180º phase difference between these two element antennas according to the 
mirror distribution. It should be noted that this 180º phase difference should be 
considered in the whole UCA not a single element antenna. To generate the contrary 
OAM mode, the proposed UCA with a mirror process along the horizontal axial can 
easily realize. The principle of this method is simple and doesn't come up with high 
requirements for the element antennas. However, the feed network is fixed. If we need 
to generate different OAM mode, the feed network should be redesigned. 
In [66], an original phase shifter was used as the core structure of the feed 
network and separated with the element antennas. Four element antennas laid on the top 
layer and the feed network was on the bottom layer. This design can decrease the 
interference between the feed network's signal transmission and element antennas' 
radiation. Generally, there is a restriction relationship between the generated OAM 
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At some special conditions, this restriction may be broken [67]. Regarding the 
feed network with an original phase shifter, its structure is illustrated in Figure 6(b). The 
sharing part of the path can effectively simplify the design of the feed network. 
Nevertheless, the problem of the fixed feed network has still remained. 
To solve this problem, some coaxial cables were adopted to feed the element 
antennas [68]. By means of properly tailoring the lengths of coaxial cables, a 45º phase 
delay was introduced in the feed network because of the number of element antennas 
and the desired OAM mode. As depicted in Figure 6(c), the feed signal from one port of 
vector network analyzer (VNA) was equally divided into eight same feed signals by a 
Wilkinson power divider. Then, the appropriate phase delay was introduced in these 
feed signals for feeding the UCA by the proposed coaxial cables. The feature of this 
design is that the phase-shift device is independent. Once the OAM mode needs to alter, 
using other property coaxial cables can accomplish the goal without redesign the whole 
feed network or UCA. 
One interesting method to introduce phase delay was described in [69] by 
utilizing the vertical interval. As illustrated in Figure 6(d), the element antennas 
uniformly distributed on a circumference but placed on different vertical planes. The 
difference in spatial transmission distance also can alter the phase of the radiated 
electromagnetic wave. There are eight antennas in the UCA. For generating OAM mode 
of 2, the decreasing height of each element antenna should be λ/4. According to the 
period of electromagnetic wave, the element antennas placed on the same vertical plane 
obtain 2nπ phase difference, n can be an arbitrary integer. Due to the limitation of 
elements' size, the distribution radius is set as 2λ. This distribution seems too large 
according to the discussions about the radius of UCA in [64]. The theoretical analysis of 
the UCA with vertical interval has expatiated in [70]. More importantly, it was 
demonstrated that the OAM mode can be controlled by altering the exiting frequency 
when the array is fixed. The generated OAM mode can be described as following, 
 l = m, when f = mf0 (14) 
Here, m is the integer, f0 is the frequency responded to l = 1, f represents the exiting 
frequency. It is not difficult to understand the mechanism. When f = f0, the total phase 
delay 2π was obtained and then the OAM mode l = 1 is generated. The wavelength will 
decrease to λ0/m because of the exiting frequency of mf0. The spatial distance is fixed. 
Therefore, the total phase delay changes to 2mπ. According to Equation (10), the OAM 
mode m is obtained. This idea was also adopted in [71] to generate dual-band OAM 
UCA. 
In 2016, high-order OAM mode at the X-frequency band was firstly generated 
[72]. Its schematic configuration is depicted in Figure 7(a). The OAM mode l from 0 to 
7 can be generated by the proposed UCA. In this design, digital attenuators and phase 
shifters were applied to feed the UCA. The programmable control brings great 
convenience in practical applications [73]. Any OAM mode satisfied Equation (13) can 
be generated by the proposed UCA without changing the structure of UCA. Even, 
increasing the device number can generate higher-order OAM modes.  
These above methods are focused on the development of UCA's feeding 
technology. Compared with other schemes, phase shifter has tremendous superiority. 
Based on the phase shifter, our group designed a wideband microstrip antenna to 
improve the performance of UCA in generating OAM modes [74]. In Figure 7(b), an F-
shaped patch and some long-strip patches were designed to obtain wideband property. 
Except for generating different OAM modes, the UCA with wideband property can 
generate the OAM beams within the scope of the bandwidth.  
The doughnut-shaped intensity profiles and vortex phase distribution are the 
obvious features of the OAM beams. One specific index should be presented to evaluate 
the quality of generated OAM beams. The purity or azimuth spectrum was put forward 
[75,76]. Generally, the generated OAM beams can be regarded as the compound of 
multiple OAM modes. According to the principle of Fourier transform, the purity of 
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where ψ is the phase distribution, ϕ represents the azimuthal angle. 
4.2. Antenna array for multiple OAM modes 
It is important to generate multiple OAM modes for OAM based wireless 
communication. The Roman lens is a viable approach to feed the UCA owing to the 
multiple-input multiple-output (MIMO) characteristics. Different multiple OAM modes 
can be achieved by employing various Roman lens and responding element antennas 
[77,78]. Their geometry architectures are shown in Figure 8(a) and (b). In Figure 8(a), 
the lens body and the antennas are segregated by the common ground. Another one used 
the coaxial cables to connect. These designs aim to eliminate the interference for 
improving the performance of UCA. Traditionally, the Roman lens is used for linear 
electronically scanned array. When a single input port is fed, a phase difference is 
generated successively. Therefore, a specific OAM mode will be generated. The 
quantity of viable modes is the same as the number of input ports. If multi-input ports 
are simultaneously fed, the multiplexed OAM modes can be generated. As shown in 
Figure 8(a), the OAM mode l = ±2, ±1, 0 and their multiple modes can be obtained. The 
OAM mode l = ±1, 0 and their multiple modes can be realized by using the Roman lens 
shown in Figure 8(b). Besides, the demultiplexing process also can be finished by using 
the Roman lens. 
In [79], two sets of microstrip feed networks were applied to excite two 
orthogonal polarization. As illustrated in Figure 9(a), an M-shaped feedline is along the 
y-axis and another U-shaped feedline is along the z-axis. Four element antennas were 
used to achieve the OAM beams generation. If port 1 is excited, the phase delay caused 
by length difference of the path and the mirror structure can be [0º, -90º, -180º, -270º], 
which indicates the generation of OAM mode l = -1. Similarly, the OAM mode of l = 1 
can be generated when port 2 is on work. Since these two-port are stimulated 
simultaneously, two orthogonal OAM modes with two polarized directions will be 
generated. It is worthy to note that the way of feed in this design was employing the 
aperture couple. The apertures and copper plate can enhance the directivity and 
reflection coefficient of the element antenna.  
The above method adapted two polarization to obtain a good isolation effect. 
However, it is hard to eliminate interference between two kinds of feedline due to the 
coplanar structure. Therefore, two sets of feed networks segregated by common ground 
were presented in [80,81]. As depicted in Figure 9(b), an eight-dividing feed network 
and sixteen element antennas were placed on the top layer and a reversal feed network 
was distributed on the bottom layer. To design the appropriate feed network, T-shaped 
power dividers and U-shaped phase delay microstrips were applied to divide the feed 
signal and introduce the desired phase difference. The path difference introduces 
demanded phase difference for generating specific OAM mode and the mirror feed 
network excites contrary OAM mode. This two-input UCA can generate two OAM 
modes of ±1. In the design of dual-modes UCA, two feed networks can be segregated 
by the common ground. However, what about the triple or more OAM modes? To 
generate more OAM modes, more feed networks and multilayer structures are required. 
Recently, a four-mode OAM antenna array was designed by employing three feed 
networks. It is obvious to see the increase in complexity. 
A configurable antenna array for generating multiple OAM modes was proposed 
in [82]. Figure 9(c) shows the prototype of the proposed antenna array. From this 
picture, four PIN diodes were adapted to control the signal circuit in the feed network. 
Two working states can be switched by opening or closing the specific PIN diodes, 
which results in a successive ±90º phase difference. The value of the phase difference is 
determined by the path difference. The current direction can be controlled by the PIN 
diodes. When PIN 1 and 4 are open, PIN 2 and 3 are closed, the state is along 
clockwise. On the contrary, another state is along counter-clockwise. Due to the 
symmetric structure, the phase difference is fixed but the states can be altered. 
Therefore, only two kinds of OAM mode ±1 can be achieved by using this structure. 
Certainly, more PIN diodes and complex feed network are needed for generating high-
order or more kinds of OAM modes. In these designs, the PIN diodes were connected to 
the programmable microcontroller for realizing remote control. The single input port is 
the obvious feature different from other designs. Recently, a mode-reconfigurable OAM 
UCA based on a similar mechanism was proposed in [83]. With the help of eight-
element antennas and microcontroller, six OAM modes of l = ±1, ±2, ±3 have been 
operated. 
Two sets of feed networks and two current states can generate two orthogonal 
polarization states and contrary OAM modes. Inspired by these two methods, A 
broadband dual-polarized dual-OAM-mode UCA was further proposed [84]. As 
illustrated in Figure 9(d), two sets of broadband network with four input ports were 
designed to feed the UCA. Each network can generate ±1 OAM modes with one 
specific polarization. The property of broadband is a highlight of this design that brings 
more flexibility for their applications. However, the generation of high-order OAM 
modes needs to be taken into consideration. 
4.3. Circularly polarized UCA 
During the primary stage of the research about OAM UCA, the linear polarization 
antenna is often used as the element antennas of the UCA. Most theory analysis and 
derivations are based on the situation of linear polarization. The research about 
circularly polarized UCA reminds a blank space. Until 2017, it was demonstrated that 
the circularly polarized antenna can also be used in the UCA for OAM mode generation 
[85]. A circular polarization can be decomposed into two orthogonal linear 
polarizations. When the phase of the circular polarization satisfies the demands shown 
in Equation (10). Two OAM modes with horizontal and vertical polarization can be 
generated. The chirality of the circular polarization is responding to the sign of 
generated OAM mode. As depicted in Figure 10(a), a two-input feed network was 
designed to excite dual OAM modes of ±1. For circularly polarized antenna, the essence 
of the phase variation is the electronic field vector rotation around the geometric center. 
Therefore, the phase delay can be introduced by rotating the element antenna. Herein, 
four circular patches are used as the element antennas. For rotating the antennas, it only 
needs to successively rotate the feed points. There are four element antennas and the 
desired OAM modes are ±1. Thus, the rotation angle should be 90º. 
Then, the circularly polarized UCA has a development process similar to the 
linearly polarized UCA. In [86], some PIN diodes also used to design the circular 
polarization and reconfigurable OAM UCA. Here, the so-called circular polarization 
means the polarization of the element antennas. There is another kind of circularly 
polarized UCA designed to generate circularly polarized OAM beams [87]. Its 
configuration is illustrated in Figure 10(b). The aperture-couple was presented to 
eliminate polarization mismatch. By series of derivations about the E field, the circular 
polarization of generated OAM beams has been verified. Each OAM mode theoretically 
obtains right-hand and left-hand circular polarization. The proposal of this theory 
effectively improves the polarization matching, promoting the performance of OAM in 
wireless communication. 
Compared with the linear polarization, circularly polarized UCAs bring great 
convenience in introducing the desired phase difference for OAM modes generation. 
However, the fixed feed network, as mentioned before, also is a big problem. The 
flexibility of the circularly polarized UCA can't be guaranteed. To solve this problem, 
mechanically reconfigurable UCAs, as illustrated in Figure 10(c) and (d), have been 
proposed in [88,89]. The feed network shown in Figure 10(c) is a simple power divider. 
It doesn't affect the phase difference between element antennas. Thus, the operating 
frequency of the generated OAM mode also is tunable. These reconfigurable and 
tunable characteristics in OAM modes and operating frequency show the high 
performance of the circularly polarized UCA in generating OAM modes. As shown in 
Figure 10(d), the element antennas in our design were connected by coaxial cables. The 
phase delay can be realized by rotating the element antennas in real-time. Furthermore, 
to improve the axial ratio of the circularly polarized antenna, a V-shaped metasurface 
structure was applied [90]. 
The antenna array is a relatively mature method compared with those traditional 
or special OAM antennas. Some excellent properties such as multiple polarization, 
multiple modes, broadband, and so on seek to cater for the practical applications of RF 
OAM beams. Therefore, this way has great potential in RF OAM antenna designs. 
5. Metasurface antenna 
Recently, the metasurface has attracted tremendous attention in the electromagnetic 
field due to its outstanding performance in coding electromagnetic wavefront [91,92]. 
The metasurface is a kind of artificial structure with periodic or quasi-periodic 
characteristics, which can realize some special properties that don't exist in natural 
material. Accurately controlling the phase and intensity of the electromagnetic wave 
makes it suitable for shaped-beams. Especially in OAM antenna designs, it exhibits 
enormous advantages of ultrathin, easy to process, standard wavefront, and so on. The 
most important in RF OAM metasurface antennas is the structure of the unit cell which 
needs to obtain at least 2π phase variation and keep the appropriate amplitude. 
5.1. Single mode 
In 2011, a V-shaped metal bar was firstly used in the metasurface design for generating 
optical OAM modes [93]. The metasurface depicted in Figure 11(a) consists of eight 
sections. The unit cells in each section have the same structure, introducing the same 
phase delay. For generating OAM mode of -1, eight sections serviced as constituent 
antennas need to satisfy the 45º phase delay between adjacent sections. Based on the 
same principle, a circular metal patch with metallic column or other shapes were 
employed as unit cell to design the OAM metasurface antenna in the RF band [94,95]. 
In this way, the metasurface is used as an antenna array to generate OAM mode 
by dividing eight sections. In fact, it is a waste for metasurface's capability in accurately 
tailoring phasefront of the electromagnetic wave. By modifying the phase of each unit 
cell, the incident wave can be directly translated into OAM beams. If the unit cells are 
sufficient, arbitrary OAM mode can be generated. For example, the OAM mode of l = 1 
was excited at 60 GHz by a multilayer metasurface shown in Figure 11(b) [96]. 
Generally, conventional SPP only considers the azimuthal phase term eilϕ. The phase 
variation in free space is always ignored. A reflective metasurface with three dipoles 
was proposed [97]. Since then, various shaped patches were proposed in metasurface 
for OAM mode generation [98–101]. The key point of these designs is proposing the 
structures unit cells to satisfy the 2π phase variation by altering the structure parameters. 
Of course, it is better to change the fewer parameters. Besides, the generated OAM 
beam generally has a big divergence angle which is an enormous problem for long-
distance transmission. Thus, our group employed the phase gradient to design OAM 
metasurface antenna for small divergence angle [102].  
In terms of the unit cells' arrangement, there are two main types. As illustrated in 
Figure 12, it includes a rectangular shape and a circular shape [97,103]. In my opinion, 
the circular arrangement corresponds to the intensity profile. Therefore, the OAM 
metasurface antenna designs obtain convenience in phase calculations, arrangement, 
and unit cells number. In fact, there is also a difference in the method of exciting. Like 
the SPP and the reflector antenna, the way of reflection often causes occlusion in the 
primary axis area. Yet, the way of transmission doesn't have this problem. 
5.2. Multiple modes or reconfiguration 
The multiple and tunable features in real-time are the inevitable trend in RF OAM 
metasurface antenna designs [104]. It is easy for a single metasurface to generate 
multiple OAM modes by using the superposition of the aperture field or other methods 
[105–109]. As depicted in Figure 13(a), dual-modes with different radiation directions 
were obtained by a single metasurface [110]. For generating k OAM modes with 
specific directions ûk, the introduced phase variation of mnth unit cell should include 
three terms and can be described as follow, 
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Here, the first term and third term are the phase compensation of free space phase delay 
and azimuthal term of standard OAM beam. In the single-mode metasurface design, 
these two terms are enough. To generate multiple OAM modes with specific directions, 
the phase delay about projection in wave vectors' directions should be taken into 
consideration. 
Generally, the electromagnetic properties of the metasurface are determined by 
the performances of unit cells [111]. To design broadband metasurface, the unit cells 
should obtain wideband characteristics [112–115]. For example, dual layers with 
orthogonal structure and five symmetric parallel dipoles, as illustrated in Figure 13(b), 
were adapted to stimulate multiple independent operating modes [116]. By cautiously 
adjusting the structure parameters, the broadband metasurface has been designed for 
multiple OAM modes generation. 
It has been mentioned before that the OAM modes can be achieved by circularly 
polarized antenna. In the metasurface, it seems simpler as shown in Figure 13(c). Dual 
layers with split resonant ring structures were applied to generate orthogonal modes for 
circular polarization [117]. The rotating of unit cells and concentric circles structures 
are better for generating multiple OAM modes. 
As we know, the conductive PIN diodes have always been effective for realizing 
tunable OAM antenna design. It is of no exception in metasurface designs. Employing 
the PIN diodes in suitable places of unit cells, the transmitted electromagnetic wave can 
be controlled by voltage [118,119]. As depicted in Figure 13(d), the OAM mode can 
achieve dynamic regulation with the help of a programmable control board. 
6. Conclusion 
In this paper, a comprehensive survey has been done on the design of RF OAM 
antennas. The RF OAM is recognized as a great potential technology to infinitely 
increase the communication capacity and improve the spectrum utilization efficiency. 
The development of novel and effective antenna design technologies is essential for 
building RF OAM based communication systems to solve the problem of the growing 
demands of bandwidth. In this survey, various RF OAM antenna design technologies, 
mainly including SPP, reflector antenna, antenna array, and metasurface, are introduced 
and compared. 
Moreover, the tradeoffs between different performance metrics such as antenna 
size, complexity, feed method, polarization, bandwidth, and mode, require the 
understanding of the individual design principle and controlling parameters. Compared 
with other methods, the antenna array and the metasurface obviously have excellent 
performance in simple structure, bandwidth, and tunable characteristics. In fact, the 
future development trend of RF OAM antennas will focus on real-time adjustable and 
multiple-modes antenna designs. Although the long-distance transmission of RF OAM 
beams is not mentioned, it is a great restriction for promoting practical applications and 
also an enormous challenge for researchers. We hope that this survey will be a valuable 
platform for understanding the recent progress on RF OAM antenna design technologies 
and motivate further researchers for designing high-performance antennas. 
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Figure 1. Schematic of the proposed SPPs with (a) smooth surface [41], (b) several 
angular regions [41], (c) SPP inside a horn antenna [42], (d) apertures covering the plate 
[43], and (e) perforated planar dielectric lens [44]. 
 
 
Figure 2. (a) Reflector antenna with eight-step staircase [45], (b) modified parabolic 
antenna [47], (c) Cassegrain reflector antenna [50], and (d) laddered SPP [51]. 
 
 
Figure 3. (a) Microstrip patch antenna with elliptical patch excited by a single feeder 
[52] (reproduced courtesy of The Electromagnetics Academy), (b) circular patch excited 
by 3 dB quadrature hybrid [53] (reproduced courtesy of The Electromagnetics 




Figure 4. (a) The slot cut in narrow wall with a horn outside [57], (b) dual OAM modes 
antenna [59], and (c) multiple OAM modes antenna [60]. 
 
 
Figure 5. (a) High-permittivity cylindrical resonator with whispering gallery modes 
[62], (b) cylindrical DRA [63]. 
 
 
Figure 6. (a) UCA with mirror feed network [65], (b) original phase shifter [66], (c) 
tailored coaxial cables [68], and (d) vertical interval [69]. 
 
 
Figure 7. (a) UCA fed by phase shifters [72], (b) wideband UCA [74]. 
 
 
Figure 8. (a) UCA with Roman lens segregated by common ground [77], (b) connected 
by coaxial cables [78]. 
 
 
Figure 9. (a) Dual-polarized OAM modes UCA [79], (b) dual-mode OAM UCA [80], 




Figure 10. (a) Circularly polarized UCA with two-input [85], (b) aperture coupling [87], 
(c) mechanical rotation [88], (d) coaxial cables [89]. 
 
 








Figure 13. (a) Multiple modes with different directions [110], (b) broadband unit cell 
[116], (c) circularly polarized metasurface [117], (d) metasurface with PIN diodes [119] 
 
